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Abstract
Evaluation of Damage Due to
Cumulative Fatigue to Packaged

Products

Hiroaki KITAZAWA

To prevent damage to packaged products caused by cumulative fatigue
during transport, many studies have been conducted on the evaluation of,
reproduction of, and measures against such damage. In such studies,
vibrations have been considered as the main factor that induces cumulative
fatigue damage, while shock has been neglected. However, one theory argues
that the shock fragility of products should be evaluated by using a damage
boundary curve (DBC) corresponding to the combination of the peak
acceleration (PAcc) and velocity change (Ve). Cushioning packaging has been
designed based on this theory. However, this DBC theory does not consider the
shock frequency with respect to damage (). Cumulative fatigue caused by
repetitive shocks during transport can damage packaged products such as
agricultural products. Thus, damage evaluation methods for the design of
packaging for such products should consider not only PAcc and Ve but also M.
The purpose of this study was to develop a packaging system that can control
the damage to products through an evaluation of the cumulative fatigue
damage caused by repetitive shock.

This thesis consists of seven chapters:

Chapter 1 applies the S—N curve theory to evaluating the damage to
products subjected to cumulative fatigue caused by vibrations and/or repeated
stress.

Chapter 2 presents an evaluation of the cumulative fatigue damage to

v



strawberries as a representative packaged product. The relationship between
PAcc and N can be expressed as an S—N curve, which can be applied to
evaluating the damage to packaged products from cumulative fatigue caused
by repetitive shock.

Chapter 3 discusses the influence of different values of Ve on N of
products subjected to repetitive shock because this was neglected in Chapter
2. The degree of damage per shock (d: inverse of N) to strawberries is
demonstrated to depend on different combinations of PAcc and Ve. For d,
which corresponds to the combination of PAcc and Ve, the damage to products
subjected to cumulative fatigue caused by repetitive shock should be
considered because PAcc and Ve vary under actual transport conditions.

Based on the results of Chapter 3, Chapter 4 discusses the influence of
different combinations of PAcc and Ve on the occurrence of repetitive-shock-
induced damage to strawberries as a representative packaged product. The
results showed that errors occurred when repetitive-shock-induced damage
was predicted using only the relationship between PAcc and d. Preparing a
DBC corresponding to d as determined from the combination of PAcc and Ve
may increase the accuracy of the predicted repetitive-shock-induced damage
to products due to cumulative fatigue.

Chapter 5 considers the influence of different layers on the repetitive-
shock-induced damage to strawberries packaged in a five-layer corrugated
fibreboard box. The results showed that d of the packaged product varies for
different box layers. This variation may be due to the changes in PAcc and Ve
corresponding to the different layers. The results indicated that the different
PAcc and Ve corresponding to different layers should be considered in order
to prevent products inside stacked packaging from sustaining damage caused
by repetitive shock.

Based on the results in Chapter 5, Chapter 6 presents a method to
estimate the damage to products in stacked packaging by considering d at
each layer. The estimation results indicated that the values of PAcc and Ve

corresponding to the drop shock at each layer in stacked packaging can be
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controlled by laying board- or sheet-like cushioning materials between each
layer or outside the bottom layer. The estimation results were obtained by
multiple regression analysis to calculate a specific value of d with PAcc and
Ve as explanatory variables and d as the objective variable. The results
indicated that the layer having the maximum d (dvax) can change depending
on the cushioning material. The possibility of developing a mixed packaging
system for products with wvarying fragilities to prevent damage from
cumulative fatigue is proposed.

Finally Chapter 7 presents the conclusions of this study: suitable
packaging for controlling damage to products subjected to cumulative fatigue
caused by repetitive shocks can be achieved by considering d corresponding to
the combination of PAcc and Ve.

This thesis demonstrates that the damage to packaged products from
cumulative fatigue should be estimated by considering PAcc, Ve, and d and
proposes a packaging system based on those three factors. The results will
contribute to advances in reasonable cushioning packaging and packaging

engineering in support of safe distribution for packaged freight.
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Fig. 1-2 DBC obtained as relationship between Ve and PAcc
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Fig. 1-3 Image of S—N curve showing relationship between PAcc and N
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KBIRDO ARy P RERZHEI A EEHEDHY @ 4 5
RITOBHZLELROIZLWVWEREH Y T R

Fig. 2-1 Fixing of accelerometer

A: Attached to bottom centre of tray using double-sided adhesive tape

B: Kept in place by weight of clay
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Fig. 2-2 Example of fruit damage

A: No damage
B: Damaged fruit with pressured spots
C: Damaged fruit with pressured and water-soaked spots

D: Damaged fruit with pressured and water-soaked spots, and exudate

AEREIT2.2.21C¥ T, ML — FEICIM L 6o R FEEBBEFM O£
ELT2, 2.2.30/REYD AEED Plec 20 R LHIML7ZEEO L — FEIZIX
MLEEREOFAZEHAL, 1 @2 OoFARNTRMLOELHETH D 2.9
(PO 6 x 30 hL—IZOWVWTHEZITWHEE) & LE - BRICHEGHE & H
E L, KERIT3 &L,
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i EEAERFMFETHLI D EREL AWV,

2.3 EEBHR
2.3.1 BBTFTE (h & Plcc DA%

h % 0.05 m, 0.10 m, 0.15 m, 0.20 m, 0.25 m, 0.30 m B XL 0.35 m & L
TERICB T2 1EBOFAND ML —IZ3% 4 Lz PAceld, £ E 1 469.0 m s°2,
814.9ms2 916.4ms2, 1143.9ms2, 1515.6 ms2, 1889.7ms2E LT 2159.2
m s2 &7 (Fig. 2-3 83X O Fig. 2-4), h & PAcc & DRERIT. & Wk EFRIK

(ZD%AE . Plece D hiIZK T HHEREZRT) 2 bR oUToATERST Z LR
T& I,

PAcc = 4431.2A40.7644 (B2 = (0.9708) A (2-1)

DO END, REIZCBWTIL AL PAce IZEHAEETH L B DO LMWL, =2
nNzpifet Lz k<, UTFTOHEEFME £ L 7=,
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1(s)
Fig. 2-3 Shock pulse with dropping from 0.20 m
The PAcc and Ve values are 1143.9 m s°2 and

2.90 m s'1, respectively.

[ $
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£ 1200 |
3 I
R
800 | PAcc = 4431.2h"7644
i R>=10.9708
400 |
0 1 1 1 1 1 1 1
0 0.1 0.2 0.3

h (m)

Fig. 2-4 Relationship between A and PAcc

Error bars show standard error (SE) of four replicates.
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2.3.2 PAcc B L UEHERBUYEBRLEIH (M) OFEE

2310 R A2 M E 2, 4482ms2, 592.3ms2, 799.2ms238 LN 1144.4 m
s20 PAeew RFEIZHIMULIZEBEICB T 2BERLEETTO NOVEHEEZFAEL - L
ZAH EREN 40, 3.3E, 1.7TEHB IV 1.3EHE R (Fig. 2-5), 7=,
IO OEBRIEEVWIRERBZ L BRIUTONTRT Z LN TE, PAce & N
OB ESE1E X (1-1) THRLULEZ SSN#ifge LRI ZLENAETHD Z &
DHER TE 12,

N = 7559.2 PAcct-226 (R2 = 0.9793) #(2-2)

5
4 |oN
| N = 7559.2PA4cc 1226
® R?=0.9793
3 ,,,,,,,,,,,,,,,,,,,,,,,,,,,
Z
2 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
1 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
O L L L L L L L L
400 600 800 1000 1200 1400
PAcc (m s?)

Fig. 2-5 Relationship between PAcc and N
Error bars show SE of three replicates.

<{>shows the predicted value.
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2.3.3 PAcc &E NVOBEFZKXDZEBMEREE

X (2-2) OZEMEZRIET L7200, 1HOHBHBETCRENBEST L LHEESIN
2 hA0b0BTRBREZITW, ERICREZBICBEBELN AN N E O DOMHR Z1T -
7=,

X (2-2) THRT PAce & NEOBBEF{ENL, RFEIC 14319 ms2l EOBEN 1
EEIMEn2SE6, BET 200t EE s 5 (Fig. 2-5), £72. KX (2-1) TR
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ENBEET D L 2R TE (Table2-1), ZOofER»5, X (2-2) TRLE
PAece BEX O NOBEBRITZYE TH D &M T& 7,

Table 2-1

Confirmation of the relationship between PAcc and N
h (m) PAcc (ms?) N

0.234 Predicted 1460.1° 1.0

Actual 1414.1£52.0° 1.0+0.0"
“Calculated by Equation (2-1)
“Calculated by Equation (2-2)
*Average £+ SE (n = 3)

2.4 ¥ &
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ZOHBERNDSZLICLY . BYELUHRIC L DAY O ERE S IRGE LS
WHEEE CREMi C& 2 2 & 2 EFEL 72,
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PR O KGRI BEBEACLEICE T2 1BRABICMHENTEREOARICRE L,
5T, Ve BROZEMATEICBIT DB (H) OBWA NIZKIETERIC
WTIE, SORDIRIAEPMLETHLEBZILbN, REURBICBW TEmT D,
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LEBEEIND Z xR, DBC #Ham ViZB W T, PAce WAl —TH Ve RN E 7
HI LIV HEaEoREHEEBS X OFEREEESET 222 FE T IE,
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FH2E 2.2 1 THRARLEZBWICEKSE, RIMBATEES L 20104 1 ~2
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WIZ 2 BRICERATNM L, Zofl% Fig, 3-1 17, WM LEZRFZOEIT 20
i (BB 3ff x4%, FB :2M x4%]) &L,

3.2.2 BEXHDIEMK

BEEZNMLE ML —% 207V IR TEE L, Fig. 82107 %EL AV
THFSEE, TOB. A BLIOH FEICEBT 2 @EHHOMMELEZL L2 LT
L0 Hx D PlecB LU Ve D MBAEDERIEEER L, R LEREH M

23



BB IO % Table 3-1 27, EHHMHOE TS 10mm & L7z, b
L=TMIZR T 27 VIROIIMIEm EH TEHELDORAZ A& L, A=0.01m,0.02
m, 0.04m, 008 m#BLL0.12m LRI FRMIZOVWTHRFT LI, £ DOE,
3WuMEE ¥ — (2366W, A 2 L —HNEmICWET —7 TED
fFi5, Plece B X Ve gtll Lz, FHINIE%E T &R Z LT 14 B ~15 BT - 72,
LT — 23 IRE) - WA T N4 X (SMH-12, #5727 Ju P —) 2k
N L, IREEREMEST Y 7 v =7 (SMS-500, #7727 Jny—) W T
Frite, ZOMBERICHKSE, Table 3-2 12+ 1 &2 7, 5L 6L 90DE51
PAcc i ZiIEWETH L0 Ve DERBEN T AG LY, 01T, Zo#ic 1 & 2,
3L 6., TEIBLVSE 11 DX HICT Plee DEITEEN TV DA, Ve OE T W
LWotillAaGbE a0 11 SfFEZHE L. BT IS R 2 #6755 it
L7z,

Fig. 3-1 Example of strawberries in two-layer packaging
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Fig. 3-2 Drop test system for strawberry damage estimation: (a) aluminium
plates, (b) urethane foam to avoid rebound, (¢) package containing
strawberries, (d) cushioning material for counter face, (e) wood block,
(f) aluminium plate, and (g) rubber sheet
h: drop height

Arrows indicate the drop direction.

25



Table 3-1
Properties of cushioning materials used for the drop test system
shown in Fig. 3-2

Density Compressive stress

Cushion Base material 3 .
(kg m™) at 25% strain (kPa)
A Polyurethane 28.3 + 1.0 1.5+0.0°
B Polyurethane 8.0+0.3 1.4+£0.0
C Polyurethane 26.4+0.9 4.0+0.5
D Polyurethane 27.1+0.5 3.8+0.6
E Polychloroprene 80.9+1.7 57+0.3
F Polyurethane 49.7+ 1.8 32.9+0.0
G Polyethylene 65.3+1.5 92.6 £5.2
H Polychloroprene 101.1 £ 0.8 252+29

“Average + Standard deviation (SD; n = 5)
Y Average + SD (n = 3)

Table 3-2
Selected counterface conditions for drop tests
Test Counterface h PAcc Ve
No. Cushion (m) (m s'z) (m s'l)
1 A 0.01 117.4° 0.70"
2 B 0.01 62.0 0.72
3 B 0.04 97.0 1.41
4 B 0.08 145.3 1.82
5 B 0.12 197.2 2.08
6 C 0.04 216.8 1.42
7 D 0.02 122.8 1.05
8 E 0.08 351.5 1.74
9 F 0.02 204.0 0.91
10 G 0.04 283.0 1.23
11 H 0.08 512.0 1.71

“Obtained from 14—15 replications
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11.5 ", 7.0\, 10.3[A, 8.3 BB LW 80E TH-7=, X (3-1) LV HEHII
5 dix, #hZh 0.05, 0.05, 0.10, 0.11, 0.14, 0.11, 0.09, 0.14, 0.10, 0.12
BLOY 013 2%, Tk, Ve MW, PAcc Zfitithe L7 m vy PLIZ b D%
Fig. 3-3 [Z "7,

1l 22T DL, Veld, TN EFN 070 m st BLP0.72 mst THDY .,
FIER%ETH LN, Pleceld, ThEZN 1174 ms2B L 62.0ms2ThH 2%
LS DENSL, L2rL, WTFhd d=0.05E720, 202 KDEEIZHEWT,
PAcc T diZIFEAEREBL TRV, 8 & 11 L D EIZHE W TY FEE O M [ A
IMBAD, £, 5 & 9D Plee DILEIZHE W T, BIE X, 197.2 ms 2, & FH T
2040 m s2&, BEEDLLRWVWICHEEDOLT ., Vel 25 E0END H Z &I
IO, MED dICIF1A4FEOENTENLTVWD, ZOMREICENTEH PAce 1V
Ve DEWN dIZRKRESEEL TWVWD,

—FH. 3L 10HDWVIT 4L 8FLIF1I1IOEEIZEBNTIX. dIX Vel Y H PAce
DEWICEZINTEZHERANDH YV, d2¥ PAce & Ve DA FEDLHEIZED, KA ITE
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b+ 22 PR TET,

B, AEOFE THBEARICB T IEBE ANV AT ERLERICELP T2 NG,
HFRBRICHET 2D Ve #HiHZIL R L7ZSGE., & dITxt T 5 PAce Ml O BRF1T
%1% - Fig. 1-2 8 X O Fig. 1-5 TR LA XD REMRE TR ST, Fig. 3-4 TR
THERICAHRB ER YV OBER 2D BOLHE SN,

600
11 0.13
~400 |
= 8 ©0.14
S 10 @0.12
N
200 | 900.10 600.11 50 0.14
1 7@ 0.09 4o 0.1
© 0.05 ] 300,10
2 00.05
0 o ' o § o [
0.5 1.0 1.5 2.0
Ve (m s1)

Fig. 3-3 Effect of Ve and PAcc on d of strawberries

Numbers to the left of ® indicate the test numbers;

details are given in Table 3-2.

Each value of dindicates the average value of three replicates.
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PAcc

Damaged area

Non-damaged area

U

Non-damaged area

>

Ve

Fig. 3-4 Image of DBC obtained by half-sine shock pulse

based on figures presented by Saito and Hasegawa?), and Nakajima?

3.4 #& &

AEZBTLORFAICEY, MORLEBICII2DGOEREITREOREAEICS
WT . NBIXORZOWETHD dP PAcc k Ve DA EDLHIZ LV Rk~ IZELT
HIEHEEMETHILENTE T, ZOREHEL., EWMELHE L OESRMLET
CBWT, BaEWoERETHRETMA ERT 55 6. PAce & Ve DA G D
HIZRIET D d2zHFELTREBLSELEDLIC, MEEZ2EBEL-OERFZITOLEN
» D,

£ & Xk

1) Newton, R. E.: Fragility Assessment —Theory and Test Procedure—, U.S.
Naval Post Graduate School. Now available from Lansmont Corporation,

17 Mandecille Ce., Monterey, CA 93940 U.S.A., www.lansmont.com (1968).
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2) WHEKEZ, BB
(2008).

3) TUGFER: W TRBREICLIBEGENMBRE N IEORE, B AQEYRE,
20(2), 99-106 (2011).

&

e EEEo L EEE, =ERE, KX, pp. 55-57

I

B
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FA4E EBEEBELLZEEZHTIC
BlIToEREFREME (1)
BEMOEVHKRBRYBRLERICLI2BEEY

NDEEREIZCRITZTITEZE

4.1 % &

B2ETE, SSNMHEAHmLZEA L, EED Plec TS T 5 NEHMT 5 2
LIk, BMYRLEBRBICLIOIHOUEYOEREHTBEEGEHEMEZIT o2, —FH . &H
SEILBWNWT, PAcc b xtE b Ve EWIZE Y, dPBRxICENT D ATfEM A
RonLic, 2TOZ&id, QEBIOERERLEDORMEN SR ERELITH VT, S-
N itz W T PAcc lZx ST 25 daFH L, HEFNMME2T-o72HE6. TOKE
WEWTHBERNELC D WMREEZ R L TWD,

ZITAETIH, MYUYKRLEBICI2HAEYOERMEHGREG O LI KITT
PAce b Ve DA abEDOHBELERETCH LN D WIS T THRIEL -,

FLAEED Plece BE R VelZHIET D dEHOLNITTHEEHIT, & dITx
Jnd %5 DBC # 8T 22 LiIck > T, VK LERICKDHAIEDOERIES
BEOIERERR G hD2bDEEZ2bhl, 22T, ZThETHEREATZ
Rinolo, HORLERICLIL2BEGHMICK T S DBC JSH O A EEMEZ W 5 22
THTOIL, fEED PAce & Ve DA HEDLEITHIET D d»H O DBC ©EH %
R AT,

4.2 R B
4.2.1 EBROH #

AWFgEiE, Fig. 4-1 T FIETEm L2, UTIZ, FFIHEOFEMZ KD,

=118
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4.2.2 BWEEH

PlAce B LN Ve O FH N AW @R REIX, 300 g DK %55 7= PET #f 5
Fb— (XX =% 7, 4F 115 mm x 170 mm X 50 mm) % 4 {HAE L 7= B
A=V, MER—FZMOHELRE, b2 T LBy FTH
WL D TH o7 (Fig. 4-2), 0l OB EBEIIN 1.3 kg Th o 7=,

Estimation of PAcc and Estimation of relationship
Ve at each h between 4 and N
by drop test by drop test
Calculation of d

at specific &

Calculation of d

corresponding to
PAcc and Ve

Resolution of DBCs
referring to each d,
PAcc and Ve

Fig. 4-1 Test flowchart in this chapter
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M A E R TN LR NN NN N N EH EHEEED N NN
I I E SN S EEEN'"EEEEEEEEEESHN I EEEEE N’ EEEEEEENES®R

J I

I nli ST G .‘!n

Fig. 4-2 Properties of dummy product for drop tests

: Three-dimensional accelerometer: 8 mm (X) X 7 mm (Y) x 5.5 mm (Z)
: PET resin-made tray: 166 mm (X) X 117 mm (Y) X 40 mm (Z)
: Clay: 300 g
: Corrugated fibreboard or silicone rubber sheet:
166 mm (X) x 117 mm (Y) x 5 mm (Z)
: Corrugated fibreboard: 335 mm (X) x 3 mm (Y) X 72 mm (Z)
: Corrugated fibreboard: 3 mm (X) X 236 mm (Y) X 72 mm (Z)
: Urethane foam sheet: 166 mm (X) x 117 mm (Y) x 20 mm (Z)
: Corrugated fibreboard: 355 mm (X) x 254 mm (Y) x 75 mm (Z)
: Corrugated fibreboard: 355 mm (X) x 254 mm (Y) x 3 mm (Z)
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4.2.3 hIZRT D PAccB LUV Ve DETRIEH

L —WNEE S R 3T MEE YL v — (2366W, BRI % W@ T —
TRV T e, IMEEY X — 2 EmEEH - T AT A (SMH-12, MR T 7
JmY—) BXOHEE - REMFEF Y 7 v =7 (SMS-500, #7727 /v d—)
WL  PAce B X O Ve G L, Y 7 MUKV EEL KRR IX
1s (500 ps x 2000 i), FU A L_ABIORTY FU FIE, 0.4%F X O 5% 5%
ELlZ, FI—H 7L OEBLEILTLLEZOHRRICMAEBLTCELT., O L
R, IV U 7ARETHICH L TERICEBEIZE FLARNWI &ENEES
Nic, D7, Plece BELD Ve HEBICHEWTIE, LT, figBLIOLELED 3
R HTMOFFHUEZERT DL L L,

4.2.4 ETHEREH

F2EORIMEZEEZX . A—0O AR —OFXI—Hh TV E2ETFITRLEI
T 2REMOYIEEZZESE DL EICED, BRD Plece B X Ve kb v i
ETCELrb0eEZONT, WHEPREIERLIE/EmM L L T, R — 1 (A
7/ — b, LB210/MC120/LB210) B L VvV v T A — bk (267.2kgm3, 25%
OTHIFIZE T D EMM S 0 126.1 kPa) © 2 FEZER L, WTOFEMD
JEEE bmm & L, TNENOREEM ZEE T 5% T1L. PAce B LV Ve DG
BIZHW2 38 e MEEL b —DEETHDLIIENRLEETLWVWEEZLZZO A
NoEE (BES ML—0M) &L, ERUOEHIICE T H2HEBEREE VE X
VE2wELEOBELEEELZZEL, A X, 0.0bm, 0.10m, 0.15m, 0.20m, 0.25 m
BELO0.30m & L, FHEICHIT D PAce /NS < L, Hhik 3 2 G o 7=
DO THYVELEIEAZZLLS T5720, BTHIZ, 10mmED Y 3 d Ay
—F WHEEIRoY ) aryr I ay—FER—) & LT,

L7 AOFHANIZE T, TR ENOEREM BRI AR FEE AT 5 LR
ET HE, PAlce b hE ODRABRIILUL TOXNTERTENLTE D,

PAcc = aht5 A (4-1)

T, allEETHDL, T, TOWRESFHTIZEBWT Vel To X2k vk
EEIhb,
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Ve = (1+e)(2gh)0-5 K (4-2)

TIT, el I EME. g X ENMAEE (9.806656 m s2) THDLH, i L7z A D
HIHNICB W TR ERBEOEE N /NS TNIE, Ve & h EOBEBKIILTOXNTE
THEMNTE D,

Ve = aho-5 #(4-3)

IIT, alFEHETHD, RU-DBLOXU-DEMNT, ACKHIET D Plee B
KO Ver B L, BBREIETFTRMFEILIC6E~8EITV, ThiEKEL LT,

4.2.5 HHOEGFFM

HEMB T, F2EBEBIVPHEIREICEL A F2 LhBEO RELTHW,
FAOREEIT 0% L, H2EBIOFE I HED FILICHEL CHIELZREED R A HE
Eix,. 61 NThoz, 1MLV OEEIIN 15 g THolm, H 3 FEIZHLD,
1 FL—&H7Z0 T L RERIT 20 (LB :3 M x 4%, FEBE:2# x4
) L7, 4.2.2 TRLEEAESZFHICTEBNT, £FERICBITHZHXI -V 7LD
1 2%, REEZHFODE ML —LZHB L, .28 TRLE AEEPBEBYELET
SHELHZEICED, 1HOFETFTIEICNEZRHELL, F3F -3.2.312H/Ew, b
L—t 85% (17 i) ORFIZAKRROEBE S LIERITOBHEZL LR EH
(2% -Fig. 2-2) " EAELELBEICHG L O LHE L, B FERME (BB X
O FTmOFEHM) 1142.4LF—- L, KEHIZT2ELE,

4.2.6 hicHI2BE 1 RBRH-YDEGE (0 OF
t

dOBEMIT, LFOFIETIT - 72,

D: A D PAce ~DEH DO ATREMIZ DWW TR (4-1) 2 H W THEL
@: OCELRTEEREYE1E - X (1-1) IHTIEH, Plce & NOBBZEA %
B, £/, N hoBER 2B,
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@: @THoNTMREE3IE - (3-1) THTIED., No dIZEH,
@:h & doBE/RAEREM,

B, QIEFE2EICBWVWTREOERERAIZBIT D PAce & NOEM% D S-N i
MCEEEZZLERWLE L ETITo 72,

4.3 RBERBLUEE
4.3.1 HIZHIEY B PAcc B &V Ve

A=0.05m, 0.10m, 0.15m, 0.20m, 0.25m B LN 0.30m & &3 5 PAce
T, AAEBEICERN - AVRZEELZSS. AL 323.3 m s'2, 450.0 m s°2,
651.0 m s2, 840.4 m s'2, 917.3 m s28 LN 983.3 m s2 THh - 7= (Fig. 4-3),
vVarIdavy—bEEEBELZSAIE. TNAEH 322.1ms 2, 460.2 ms2, 627.6
ms2, 790.2ms2 902.3ms2B LN986.3ms2THY., WFRLD AICBNT
L, TNETNOREEBMOMICAERE AT RN, B, Zhb0EEX (4-
1) ~#EASELE, BBERA— AR ERELZSA TIE.

PAcc = 2265.8h0.6618 (B2 = (0.9827) X (4-4)
vVVaryadhv—FEEELEZSA TIE.
PAcc = 2175.6h0-6486 (B2 = (0.9933) X (4-5)

ER BN TN EN/ONTZ, NSRBSOKEICERT DL T 0.5
LER-oTELY, —HDO AT, MEARFEERRETE RV E O L HEE
shiz, L2L, WAooV THbEWIRERKEL(HFELNR TR, MEAELL
AOFHAANTIE, WTFHLORE M ZH WL EICBWTE, A PAce \IT B #iw]
BBThob0LHET 5,
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1200

| OCorrugated
1000 F fibreboard
M Silicone rubber

~ 800 sheet
é 600 F
S I
E 400 F

200 F

0

0.05 010 0.15 020 025 0.30
h (m)

Fig. 4-3 Relationship between A and PAcc
Each error bar shows the standard deviation (SD) of

each average value (n = 6-8).

WIZ, hIZxIET D Ve e de, BAR—AVHREZREELZSS TR, T Eh
1.57m s, 2.16 ms!, 2.6l ms!l 298ms!l, 3.30ms!EBINP3.66ms! T
bov- (Fig. 4-4), F/=, ¥ Varyary—hr2EBLEBEATIEZ. T FN,
1.63 m s't, 2.35m st 2.69ms! 3.38ms! 3.80ms!HBELLN4.01lms!e
720, h=0.20m~0.30m OFEHICEB W TIL, BER— A HAEERE LS A L L
L ABICRELS ole, Z2hBHDfREA (4-3) WL L, BR— LV RZEE
L7 & T,

Ve = 6.3632A0-4686 (B2 = 0.9997) X (4-6)

vVVaryaI sy —bFERELESRS TIE.
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Ve = 7.5358A0.5130 (B2 = 0.9916) #(4-7)

LR LN GEL T,
UEXD, WFhoZHMzH0WELEGIZB0WTH, AEICBIT 2% FTHRBREMHE
TIZBWTIEZ, A2 D Plee B XX Ve T EWMARRTHD Z LR HRTE T,

O Corrugated o o
40 r fibreboard o

M Silicone
30 L rubber sheet

0.0

0.05 0.10 0.5 020 025 0.30
h (m)

Fig. 4-4 Relationship between A and Ve
Each error bar shows the SD of each average value (n = 6-8).

** Indicates significant differences (P < 0.01) with Welch’s #test.

4.3.2 hizxwdn9 5 d

hA=0.05m, 0.10m, 0.15m, 0.20m, 0.25m B L 0.30m & x5+ 5 N
EEEIE, BER — VR AELE LA Tk, 224 34.0 [|, 19.0 B, 15.0 [H],
1200, 7.5 B LN 6.50TH -7 (Fig.4-5A), vV a T Ay — MEE#EL
%A TTiE, 2R 34.0 |, 19.0 B, 14.5 [A], 10.5 A, 7.0 Fld KL T 5.0 [A
L7 (Fig. 4-5B), A=020m~0.30 m O#PHICB W T, BER— LV ZEE L
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40

A

30 F
N =2.3790 09083
z20 F R* = 0.9666

10 F
0 [ [ [ [ [ [
0.00 0.05 0.10 0.15 0.20 0.25 0.30

h (m)

40

B
A

30 F

20 F
= N =1.75354-1.0252
R* = 0.9602

10 F
A
0 [ [ [ [ [ [
0.00 0.05 0.10 0.15 0.20 0.25 0.30

h (m)

Fig. 4-5 Relationship between A and N using corrugated fibreboard (A) or
silicone rubber sheet (B)

Each value shows the average value of duplicate tests.
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rHea Lk, haRfEE7eo7, 4.3.112BWT, 20 ho#@i iz L
NOEEM OMIC PAdec W T O2HBEEZ TR RN >TN, YU ardhy—
NEZBRELZGA., Ve RABEICKENoT, o T, ZT0O NIZBIT S ER T,
VeDEWIZEID bbb EINTEbDEZ X LT,

X (4-4) BEOK (4-5) LV, AS Plecc CEWMAEETH D Z LR TE
fzllickosE, F1%E X (1-1) © PAee Al HE X T, hE N& OB%
EHhDHE BEAR—AREEE LSS T,

N = 2.3790h0.9083 (R2 = 0.9666) = (4-8)
vVaryasay—bERELESRS TIE.
N = 1.7535h°1.0252 (R2 = 0.9602) = (4-9)

ERLERARGEONRTE, 260X EHE3E-X (3-1) EHWT, A=0.05m,
0.10 m, 0.15m, 0.20m, 0.25m B L 0.30m & xixT 2 dEHHETH L&, B
A= HRERELZSA&. £ 0.03, 0.05, 0.08, 0.10, 0.12 8 X1 0.14 &
BhH,—H. . vVardsryr—hrERELEZSEA TIE.ZNEH 0.03,0.05,0.08,
0.11, 0.14 B X W 0.17 &2V, h=0.20m~0.30 m OHEEFHICHNT, ¥ U 3>
SAY—bEERELESATIE, BA—AVHREEEBE LS A LB L, d2% 12~
18% K& Db L THISNT,

CORFEIT, BOEDOKRY IR LERICKZHEFMIcB LT, H1E - L0
DEBLOEIE-RB-DOALENPL d2zHHE L TE HE, $2b56 SS-N#li# LD
HEHMFEZH WS EG, AT BEM OB D 5 VIR EM L oA I
L0 dofz R D2WEEEZRET LD TH -7,

INZNOREMEZRE LZSAICBT 2BEGHFMOMBRICE SIS, d % M
W2, hzfitihic > T, TnbOfRkE 7y FL72b D% Fig. 4-5 1277, B
R— U REEELEZLSA T,

h = 2.59744d1-1013 (B2 = 1.000) A (4-10)
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vVVaryadhy— 2R LESEAS TIT.

h = 1.7296d09756 (B2 = 1.000) #(4-11)

LB BRARRTE LT,

030 | I = 2.59741-1013
R>*=1.000
0.25 [ ¢ Corrugated
fibreboard
020 F A Silicone rubber
—_ sheet
é 0.15 F
=< h = 1.7296d"9756
R*=1.000
0.10 F
0.05 F
0.00 L L 1 | 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 O0.106

d

Fig. 4-5 Relationship between d and A as estimated with

results shown in Fig. 4-4

4.3.3 d&%EELT-DBCOEH
XMA-10)0BLOKXU-1DEZHWT, N=24 [, 20 [H, 16 [, 12 [\ ¥ L O 8 4],

T 7Mbb d=0.042. 0.050, 0.063. 0.083 B LW 0.125 IC#& Y+ 2 hEHTET 2
L BAR—AREEE LSS TIE, 0,08 m, 0.10 m, 0.12 m., 0.17 m B LW
0.26m, YUz —FTiE, 0.08m, 0.09m, 0.12m. 0.15m ¥ X " 0.23
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me&id, £, ThOHD AIZEYT D Plee B LW Ve & X(4-4)~X(4-T)% H
WTHHBL, A—0 diE% K THis & Fig. 46 1277 DBC 3G obhiz, AEIC
BUHDRABEMETIE, Pdece BE QR Ve DA A DLDELREBBESNZLD, Zh
& b7 DBC OFHIFBEMN TH o2, 2D K HIC PleceB LW Ve L v ik
ESNDHEED dIZKT 25 DBC OEHNBARERTHD Z LR TE T,

950

850 | d=0.125
~ 750 |
» I
E 650 | i—o d=0.083
‘;d |
N

cEUN & o a=0.063

450 + 8o d=10.050

6—o d=0.042
350 'l 'l 'l 'l 'l 'l 'l
1.78 2.00 2.25 2,50 2.75 3.00 3.25 3.50
Ve (m s?)

Fig. 4-6 DBCs corresponding to d
The values of 0.042, 0.050, 0.063, 0.083 and 0.125 mean that
the tested material was damaged by 24, 20, 16, 12, and 8 shocks,

respectively.

4.4 ¥ &

FWEICHOWOLND2EEFMAETIZEBN T, BV IELERICLD2HOEY O EH
B GG O R 2 PAce B XN d DR O HIZHE S W TERM L5 E
DEEBEMET LI L 2 EIEL K,

L imaolm d
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F7m, Plece BEX O Ve & d OB EZ TOHFMLEZET, FED dITxIET 5
DBCZEHLTHEBL Z LI MR LUERICLDEAEYOERE S EET
MOKBELZEDLZENTELHELDODLEEZ LN

o

£ & Xk

1) Ishikawa, Y., Kitazawa, H. and Shiina, T.: Vibration and Shock Analysis of
Fruit and Vegetables Transport — Cherry Transport from Yamagata to

Taipei—, Japan Agricultural Research Quarterly, 43(2), 129-135 (2009).
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£5F EWMEZBRELEEEFHTIC
EITcERRFREFETME (2)
ZEREABESNE-BREEVORERLEIC
RETHRYBRLEZOZE

5.1 #&

FB3IETIE, MUVERLERICL IV OERMETBEOREICI W T, PAdee B
L VefAEDLEIZEID dBRA LT D EEZH LN LE, £, 56
A4FETIT, EFWMELHATLEERA - VBICHA SN KO EYE VIR E 1T
W T OBEMOBNICEY dBEMT DL . BIOEOERKE L T, PAcc
Ext LD Ve WHREE LI Z &2 EFEL T,

FBABFETHRMNLEUAND, EEETIZ PAdecc B LD Ve D AEGDOE DR 500
e LT, ZEEA-ASNZOERECRT S, B () 0OFBVWVABEINT,

BEAINTHAOEDOHBEREICHT L 5EBEICONTIE, MIEB LOEREE
TNMCEDEBMEMTE AT MERA s TS D2, L, MYIiRLERIC
LFOEBEFICLVBET I HOEMENZ L LT, BEASTZBESEETIC
BWTEZEOoBEEGZFFMLEFEFHIT RV, F2EIZBWTIE, b BEFEA I
BAR—AMEDOI B, 1 BEH (KETE) OBANICHOIh Ok oBEREC
BiFDH, PAdce ! NOBBKROAZZEZFML THY, ZOMOEICHEITLH NG LLIE
dX. FIEBIOFEAETZTOEREEN TR INE Ve OFEBIZONTIERMK
HTHD,

BeDEWIZL Y PAee & VeDMAGDODER R DI LB, 202 &IiTE bR
WddNELT L ERETHRIZ, 1EAEREFEORIIEE IR IV ED 15
bivle dicE ST ZEoMOBRICEB T 2HEGRMAZITo72mE. Rol dDOE%E
BTz & b,

EoRzalEzr, RETEIEBMASNEER-LHEZETIELEICBT

][]
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BEZED PAec BEU Ve 2 ML IT 5L L bIC BOMOSHAEND di
BOETHBICO 0 TRA L,

5.2 £ B
5.2.1 HER® 7t

AETIE, BOEWIZEY Plce BEX DO VeDABEDLENELZD  Zhick b
BRWEBRIZBTHAHUEYWD dBRET LI LEVIEHEZ, 1 EHEZOMDEIC
B2 daHBETLHZEICXOVBRIETLHZEE L, ABRoi % Fig. 5-1 IZ7R
SR

FT.1IEAICE VAEE O AR T D PAece B X Ve zEHI L 7=, KIC
INLOoBBoOBRNbERATLLELBIC.IND 2BRICHIST D dEHEHT LT,
2EBEH~EBIZEBWVTY AWKIET D PAdce B X Ve il #5& & b1, 2
N ExEd 2 deFH L, ERLERAEDLFENDIHE, [EED PAce I
MET 5 dix., 1EREZOMODEICEWTRERLZ b LB EEIND, £ T,
COMESNLDZERICIOVWT, 1BRAOHUEY 2 RICHAIL LT A, PAce®
T Ve RN OERT 52 L L LT,

5.2.2 & #H
BEFMICAHCIRAE T, HIEBIOHEARCHELL, T2bb, KHEEN
THEEINTEAEARE 80%~100%, REWME K 61N o4 F I LbkLw’
REZHWE, T2, PLv—CIMLEREOHKIZOWVWTH, TNALOEIZHELD
7=

5 2 3 @41:&14—_

PAce 5 L O Ve DFHANC W7o @ 2 RBIL, 300 g DXL L% G5 72 PET #f 5 R
L — (XX —H% 7, 4-F 115 mm x 170 mm X 50 mm) % 4 {HAH 2 L 7= B
R—NHFuE b lfiAsrER, K 7oL 8O RTHERLELD TH - 12
(Fig. 5-2), W DR BEREITN 6.6 kg Th o7,
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Bottom box

Confirmation of PAcc and Vc

corresponding to each h | second to fifth boxes —

U

Construction of numerical and Vc corresponding
models for relationship

toeach h
between h, PAcc, and V¢

g g

Confirmation of PAcc

Calculation of d _ Calculation of d
corresponding to | COMPANsON | - rresponding to each
each PAcc PAcc

Verification of differences in d

Fig. 5-1 Flowchart of test in this chapter

Fig. 5-2 Form of packaging for estimation of PAcec, Ve, and fruit damage
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5.2.4 PlecB LV VeDEF RIS LU ETHEREH
FI—=HF TP NEMNT Plece BE Y Ve DFF MM, 4 4.2.3108L
7

TR e L hiZ B 285BI E 4B BT HMESLEMEL2EEL.0.056m,
0.10 m, 0.15 mBLV0.20m & L7, 2L, 1EBRABIZOWVWTIER®RET SEM
XOBEHEZHEEL, ZhIZMX T, 0003mBLP025mMLDEFIZOVNTH
fEMT RIS & Lo, P mix, sk iz 10 mm Eov Y aradhy— L
(% : 267.2kgm-3, 26% O T BRI BT D EMIS S : 126.1 kPa) & L=, %
TEFHTIT . BRI BETEHF LTI ~12ETW,. 2N EXKEE LT,

5.2.5 1BBIZBITD hé PaccBEY Ve D Zh
T, F2EBLOVFELAETCHWEERFELTRH W, T8bb, H TR
BRICEK Y & hICxHE T 2 PAdeeZ3HHIL . 20 b OB O RFT L2 R AT,
Flo, HFAETIE, A& VebORABKRZERALT L2 ELICED, dE25 25 Ve
DHEZIT>Te, AEIZBWTHLZINZISHAL AL Ve DFERICHOW THA %
R AT,

5.2.6 BEMDEEZLM

523 CaRLEBELSHICEVWT, FEBICBTDZFI—F T LD 1 2%, R
KEE@Eol hL— LB, 5.2 4 TRLEEZE ADOFMHICLIVBVRLETFTSE
LHZEIZED, AERICBITLD NZHELEZ, P —IZIM S L7 RFEEKIL 20
ThHy, ZOHEEIT 300g~320g OHFPAICH o 7=, HEHE HILEITHE 4 EITHE-
lzo bbb, b L—H 85% (17fH) ORFICKRIKROEBES L TR O3
HEzeb 2GR RBELEERICHBELZLD LHEL L,
FEfofRREE 1= - (1-1) BLOHE4E - KX (4-1) TR LEREKAL T
L, he NoBBEAzZzHEH LA, £/, 3% - X (3-1) M\ T Pdce lZ*t
ST D dERH L, KERITS~T L LI,
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5.3 EBREBERPLUBE
5.3.1 h& Pldece B LUV Ve DB &

F9. 1EBICE TS A=0.03m, 0.05 m, 0.10 m, 0.15 m, 0.20 m B L W
0.25m & %5925 PAccld. 194.7m s2, 313.4 m s'2, 442.0 m s'2, 624.8 m s~
2. 914.1ms2HB LN 989.7Tms2ThH o7 (Fig.5-3), ZDOFEREH 4 & - X (4-
1) LT 2L,

PAcc = 2823.9h0-7601  (R2 = 0.9847) X (5-1)

TRINIERAB LBV REGRSEONT, 2O Lnb, MIFHRE L
7 hOFENICH T, hix PAcc CERTHETSHH b0 L HB T -,

1000 }
800 |
£ 600 |
3
& 400 | PAcc = 2823.940.7601
R>=0.9847
200 |
0 » 'l » 'l » 'l » 'l » 'l

0.00 0.05 010 015 020 025
h (m)

Fig. 5-3 Effects of differences in A on occurrence of PAcc
at first (bottom) layer.

Each error bar shows the standard error (SE; n = 11-12).
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Flo, AICHRIET D Veld, N1 0.94ms!l, 1.49msl, 1.87ms1, 2.22
msl 256mslHBLN3.02ms1 Tho7 (Fig. 5-4), T4 5 DOEMKRIZEL FIZ
AT K (5-2) TRTZENTE,1IEHROFI—H T AITBNTIE, AIX Vel
EHTEHbDOLEEZLNT,

Ve = 5.9065 405002 (B2 = 0.9733) . (5-2)

30 |
25 |
~ 20 }
£ 15 } Ve = 5.9065k%502
S - R*=0.9733
1.0 | &
0.5 |
0.0 » 'l » 'l » 'l » 'l » 'l
0.00 005 0.10 015 020 025

h (m)

Fig. 5-4 Effects of differences in A on occurrence of Ve
at first (bottom) layer
Each error bar shows the SE (n = 11-12).

Flo. 2BEE~BEBICZBIT D% hITXIET %5 PAce & Table 5-1 12”779, 4 A
WZxt 9 5 PAce i3, 1 B¢ H (Fig. 5-1) L H#+25 & 40%~78% D L Tk Y |
FimEn7zEmBEO R EF, 1EHICBVWIEELEZLbOEEZ bR, — T, 2
BeH & BEBICEITD Plece LT 5 & WAREIZIR KT 30%EETH Y |
IO DEOMICET 2HERZEOMREBEE I/ NSWVWEDLEZLNT,
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W2 hIlCxtint b Ve Table5-2 1071, & AlCXktinT % Veld., EBIZR
HIFERELS HrHER™ AL, 5 BB TIZ1B&H (Fig.5-4) L kL., & KT
1.3 fERERMmL 7=,

Table 5-1
Effects of different # values and layers on the occurrence of PAcc (m s'z)
Layer
h (m) 2 3 4 5
0.05 1392+ 15.6" 1245+ 53 1075+ 55 117.8+ 7.0
0.10 2609+ 9.2 2209+20.5 2104+ 85 177.7+ 9.8
0.15 371.6 £ 9.6 386.6+ 54 3403+16.0 2843+ 3.8
0.20 498.6+ 3.5 421.1+ 94 4505+ 7.1 4593+ 6.3

“Average + SE (n = 11-12)

Table 5-2
Effects of different / values and layers on the occurrence of Ve (m s
Layer
h (m) 2 3 4 5

0.05 1.48+0.02° 1.65+0.02 1.68+0.03  1.66+0.05
0.10 1.95+£0.03 2.07+0.04 2.14+0.02 2.46+0.03
0.15 232+£0.01 250+0.03 2.77+£0.02 291+0.02
0.20 255+0.02 2.78+0.02 3.06+£0.04 3.42+0.02

“Refer to Table 5-1

5.3.2 1BRB&E2BE~SBRBICHEITS dDHE
F9, 1 ERAICHOWVWTAHADLE, A=0.03m, 0.05m., 0.10 m, 0.15 m., 0.20 m

BLOO02 micxtinT 25 NOYHEILZ., R FH 46.4 7],
16.2 1, 124 BB LN 9.2RH TH -7 (Fig. 5-5), H 1 &= - X (1-1) L v,

ODFERIZULTOXRICRTEBTCERT RN TE T,

EiN

N = 8266.1PAcc 09704 (R2 = 0.9683)
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5.3.1 TR L7 PAcc IZH ST 5 dix. £Th £ 0.022,

36.3 [H],

X (5-3)

20.3 [A] |

0.028, 0.052,



0.066, 0.092 35 L1 0.115 B & (Fig.5-6), Z 416 OFKRIFLL T ORTE
TN TEI,

d = 0.0001PAcc®-9704 (B2 = 0.9683) X (5-4)
50 F
40 F
% N =8266.1PAcc09704
30 F 2=(.9683
2.
20 F
10 F
0 o » o » o » o » o »
0 200 400 600 800 1000

PAcc (m s72)

Fig. 5-5 Effects of differences in PAcc on shock frequency
with regard to N at first (bottom) layer
Each error bar shows the SE (n = 5-7).
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012
[ %
0.10 |
0.08
~0.06 |
04
0041 d = 0.0001PAcc9704
002 | R*=0.9683
0.00 » 'l » 'l » 'l » 'l » 'l

0 200 400 600 800 1000
PAcc (m s72)

Fig. 5-6 Effects of differences in PAcc on shock frequency

with regard to d at first (bottom) layer

2EBEHA~FBERBICBITD, A—0 AT 5 dix. 1 BB (Fig. 5-6) & g
L. /h&2 o7 (Tableb-3), Z Z T, 1B H® PAce & dDBEFE» /LT
(5-4) ZHWT, 2BEHA~bBERAICB T D PAlcclZHIGT 2 daxHH Lz, Hil
EREEMEE 2 BT S L, PHMICIEENBEL Y GEA/NESL 2D HHEICE
BPELCLTVWDZ L, BLXUOZTOERIT, EERICARDIFIERESSRLIILENINADL
m&7aolz (Table 5-4), H4FE T, REOHMVIRLERICLLIBERLEICE
WT PAce BIAl—ThHh-oThH, VeRHMT L2 LICED, dBRRELS DI L%
BRLTND, o T, REIZBWVWTH, TROLOERNACLEBE LT, Ve
DREEDEBEVBEZEBELELbDLEZZLNLT,
COREROLNICTAEDIC.1IEBICBVW T 2BEE~s BBIZB TS PAce &
M% O PAce WET D2 EESnd haX (5-1) KVEMNTLHIELBIZ, 21U
b)) Ver X (5-2) ICEVEAEBLE, TOME, Ve fEIZTWT b 2 BH~
5 BFHIZBWTHRAELKL Ve (Table 5-2) Lt L/ hs< o2 bDLHEEINT
(Table 5-5), Z DO Z &b, 1BHEICE TS PAdce & dOBFREHA VT 2EH~
5EAD dZz THILEBEICALCLEEZRIT, Ve B AW/ NFEM L TWD Z LIk
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KLi-boLtEZXZONT-,

Table 5-3
Shock frequency with regard to N and d in the second to
fifth boxes
h PAcc Ve
Layer 5 y N d
(m) (ms’) (ms’)
2 0.05 139.2 1.48 47.4+29° 0.022

0.10 260.9 1.95 29.6+3.9 0.037
0.15 371.6 232 194+1.1 0.052
0.20 498.6 255 17.6x2.1 0.061

3 0.05 124.5 1.65 49.2+29 0.021
0.10 220.9 2.07 348+14 0.029
0.15 386.6 2.50 23.8+29 0.058
0.20 421.1 278 15.0+1.3 0.070

4 0.05 107.5 1.68 49.8+0.9 0.020
0.10 210.4 2.14 342+35 0.031
0.15 340.3 277  17.8+1.3 0.058
0.20 450.5 3.06 15.6+2.2 0.070

5 0.05 117.8 1.66 36.4+3.2 0.029
0.10 177.7 246 29.0+1.7 0.035
0.15 284.3 291 21.6+1.2 0.047
0.20 459.3 342 13.2+0.7 0.077

“Average + SE (n = 5)
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Table 5-4

Measured values of d (A) versus predicted d (P) calculated from

the relationship between PAcc and d in the bottom box

h PAcc d
Layer 5 ) .
(m) (ms™) Actual (A) Predicted (P)*  Error (%)”
2 0.05 139.2 0.022 0.012 43.6
0.10 260.9 0.037 0.022 38.8
0.15 371.6 0.052 0.032 39.7
0.20 498.6 0.061 0.041 32.7
3 0.05 124.5 0.021 0.011 47.1
0.10 220.9 0.029 0.019 34.4
0.15 386.6 0.058 0.032 44.5
0.20 421.1 0.070 0.035 50.1
4 0.05 107.5 0.020 0.009 53.1
0.10 210.4 0.031 0.018 40.9
0.15 340.3 0.058 0.029 49.8
0.20 450.5 0.070 0.038 45.8
5 0.05 117.8 0.029 0.010 64.1
0.10 177.7 0.035 0.015 56.3
0.15 284.3 0.047 0.024 48.3
0.20 459.3 0.077 0.038 50.5

“Calculated from Equation (5-4)

Y|(P-A)/A x 100
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Table 5-5
Equivalent # and V¢ in the bottom box corresponding
to the same PAcc in the second to fifth boxes

PAcc Equivalent Equivalent
Layer > ; 4

(ms™) h (m) Ve (ms™)

2 139.2 0.018 0.79
260.9 0.040 1.19
371.6 0.064 1.49
498.6 0.094 1.81

3 124.5 0.016 0.74
220.9 0.033 1.07
386.6 0.067 1.53
421.1 0.075 1.62

4 107.5 0.013 0.67
210.4 0.031 1.03
340.3 0.057 1.41
450.5 0.082 1.69

5 117.8 0.014 0.71
177.7 0.025 0.93
284.3 0.045 1.26
459.3 0.084 1.71

“Calculated from Equation (5-1)
YCalculated from Equation (5-2)

5.4 #& &

UEOBIELDY  ZEMEASINTZUERREBICENT, BOEWVWICEXIVEED
PAcc lZxIET D Vel k2 AT D22 L2 EE L, £, LBEOERE R
SNTEBEDO dPBRICEVRERDZZEBHLN RN, ZOHEBN Ve DEE
XD xR FEL T,

EHI, AEORKRIL, ZEREEAVEINLIEDEYOBEGHIEGR, T4b
LRBEEHOEHRFICBOV T HEOBEICB T D Plece BL Y Velc S W THE L
dEzHWT, TRUSNDOBEICB T 2HELRBE-H6. AERKICKIT 2HEE
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>ﬂ

TR ARtz R L T D,

I &b, ZEREASHIEHUEMEZNRE LT, BV ELERIZ
LEBEGTHREZIET 200K EH L L2BICIE, EEOEENEME
BRICBESND2BE T LD Plce BEL O Ve DM AEGDLEICKHIET D daxTOHDL
MICL TBLERD D,

EH

(*

£ % Xk

1) SRR, TTRERS 2, ARAERE, FE DB - KRS B R o
MIEET VI X 2EE®RS OB, ALK EREE, 8(3), 123-134 (1999).
2) HUEHERE, WHEERZ, AR, FREER: BB ERLOEREET L
TR LOEEBER S OME, A AWK , 9(1), 33-46 (2000).
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FOE ZTRHRRHFEBGOFIEHZEATREL
TROEEAEDRE

6.1 #&

FEOEHEICBW T . ZEMASINTEUEBRBIZBVTERDEWIZ X VIEE D PAcc
ExteZed Ve REHKTHDLZEE2EFHET DL L BT, FERICKHE S Lok
MO dPkAICELT D EHLNICLE, ThbDZ D, ZEMASH
WA O R LUERICLDZEHRTHEGZILET 2201213, FEOHR
WAEEKRICHMEN IS, #BRICBWVWTHEESN D Pldece B LV Ve DM A A
DEICHIET S d #ZB L EREBLERFIPILETHLILEELLNATL, LirL,
ZEMADEIN-HOED OBV IR UHRICL 2 EEETHREOHMIZET 2
IR = A

ZITAETE, ZEMA2UEINTEHUEYOBR T LD daxBE LB EH
WHBICOWTHRHAT 222 E L, EWMECBTLIUERFZHRELLES.
BEHEFECE, S ThHdr e, KaxA b THDLIZEBIOHBILENTE
ETRICKHIGAERTHLIZIEREDNEEND, ZNOLDOREZELIZSLA. \z
HEFRE LTREINANTWVD, JERFAZONEICEREM ZEBET 2 HE VR
e oW BEREZEEM CHET 2 25 EEFIEALIES W, 22T, 2EEARA
HICRB T 2AERBLUERBOML L TREL2EORER ~KELITY— |
ROBEEBM ZEET D210, FRICBIT D dOHIBEICO>NTHRE L,

i

6.2 I

6.2.1 ERBFBHWICED Ve B LU PlAccDEHEDHE D
HEEEIND dDEH

KB BT RIS BRMAME BT AR BE o, BE01ER Uk
TE) OBEICEEHEZRBT S Lick-T. #BICBT S Ve b PAee d il %
AP EE B ST D LR TETHENE I MEREL. Ko, 25 0MLE
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PDEOENICE T, BEERICBIT D dEELIEDLENTEDLINE ) D% ML
T2l L, FABEORFERICESE, & dICHHIET 2 DBC BFEET S
ERELEESG G, diX Vel Plee ® 2 ERIZEIVRESND, TORICEHL,
Ve 35 L O PAce #0iMZERK ., d x AMER L LEERFESHT 2TV, Ve BXLO
PAce IZHIbT 5 doEE=1TH> 2L & L7 (Fig. 6-1), ZOHEICHK T 5 EHMA
{HAiT, L Fo#EY TH D,

d= aVe+ bPAcc + ¢ A (6-1)

ZZTa bBIXWRclIEHKTHD, o, AEIZEBEWTHRBRKSHHIE., &< F

T Ve X Plec ZHIET D dEHETH2OOHRNTHEMLTEY, Zhz
MWNTDBCZEHT LI LITAARETH D,

PAcc

d=aVc+bPAcc+c

Fig. 6-1 Estimation of d values corresponding to Ve and PAcc

by multiple regression analysis
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FEOEEICKBITILZAFAREOREGHMMERIVELNT Ve, PAdce B XV d D
fii (Table 6-1) # 3\ (6-1) IZRA L, HEJrXE2KkHz, S5, HoHNZAD
HEMEZRIET 27 DI2 5w H (Analysis of Variance, ANOVA) %17 - 7=,
WT N ORI S ALY 7 hY =T (=7 ARG 2012, th2E @Y —
BA) ZHWTEmRL I,

Table 6-1
Data of Ve, PAcc, and d of strawberry fruit for multiple regression analysis
Laver h Ve PAcc J
e (m) (ms™) (ms?)

1 0.03 0.94" 194.7% 0.022*
0.05 1.49 313.4 0.028
0.10 1.87 442.0 0.052
0.15 2.22 624.8 0.066
0.20 2.56 914.1 0.092
0.25 3.02 989.7 0.115

2 0.05 1.48 139.2 0.022
0.10 1.95 260.9 0.037
0.15 2.32 371.6 0.052
0.20 2.55 498.6 0.061

3 0.05 1.65 124.5 0.021
0.10 2.07 220.9 0.029
0.15 2.50 386.6 0.058
0.20 2.78 421.1 0.070

4 0.05 1.68 107.5 0.020
0.10 2.14 210.4 0.031
0.15 2.77 340.3 0.058
0.20 3.06 450.5 0.070

5 0.05 1.66 117.8 0.029
0.10 2.46 177.7 0.035
0.15 291 284.3 0.047
0.20 3.42 459.3 0.077

“1: Bottom of five-layered corrugated fibreboard boxes
5: Top of five-layered corrugated fibreboard boxes

YObtained from 11-12 replications
*Obtained from 5 replications
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6.3 £ &

6.3.1 MRBEMZAVEEZTHRERIZCE TS VebB& UV
PAcc @ B 7E &

VeB IO PAlecc DFHPIBLOX I —HF v T LO5EMIE, F4FEBIVOE S FIC
He U7z,

BEBRICBT 2 VeB L O Plce il T 270 OEEMIT.HEHICAFARERS
DThHDHELELBICHEREKOEELY RELEZDI LR DOMAN T FH R
LK WEMTHLIZENLEZE LY, THOOEFZMAEZTEME LT, Rin7
7 AF v 7 i (Foamed Plastic Board, YL F., FPB), 77 A F v 7 BHR — LI
(Corrugated Plastic Board, 2L F.CPB) ¥ X 0" %3 & A & — b (Foamed Rubber
Sheet, UL F. FRS) ##® & L (Fig.6-2), EEM & L CHEHT L2 &L L,
M LIz %5 ik &4 o F5 Pt 2 Table 6-2 IZ/-7 ¢, BEEMOE ST, WIFhd 5 mm &
L7z,

KieEMIx, BEBRLEOME LAEF, 1EEHOHEICE®E L 7~ (Fig. 6-3), %
EM A ITBREBOREICEELLZELEAZ 0-17 K& L, 1BEHE 2EREOMIC
BliE L7-%a ‘1-27 X, 2BERHE3BERALOMICEKEELEZLAEZ “2-37 K. 3
BEHE AaBBLORMICEELEZLAE ‘34 XK, BXOW4EHRHE 5EHEDM
WHRE LS A ‘4-57 X LT,

A FAREZHULEEBEREEZ AT 247 PV REOREICE W T, A=0.2
mIZHAYTHEEREMENTZHESG., 1EOER CHET L RERRBEINT
W53, Fle, B2ETIHIERBIMEIATLA FIRECE W TRHRER DR RN
Bonl, 2hboREHEL, RETIH, A=0.1m & L, WTFNOEEM %
FHLEHSGICENTH, “0-17 RKIZBWTIX, BEM L% Tiw & oo
0.lm&Z2bXo5IC L7, VeBLO PAee DFH I 70 6 NT ¥ T @ F M 1L
FAEBIOELSEICHE L, EMEAMEA LRV ERFZdRX E L, dRIX
WZOWTIE, VeB X PAdce DFFINIZAT LT, BEEETHOLNLLSAEIZIBIT S5 Ve
B LW PAce DfE (55 5 & + Fig. 5-3, Fig. 5-4, Table 5-1 &5 £ U" Table 5-2) %
Mwic, RE#EIT5~6 L LT,
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6.3.2 FERICEITS dDHETE

6.3.1 THLNT Ve XV PAece DEZ K (6-1) IZRAL, HERIZBIT D dIE
rHEE LT, . UELAKRORIERB X OEBER — VO MIZHIK O FHM % B
BELELBACBTLZHED dEIZ>WTH, ARICHELLZ, SHIZ, T bD
HEERRED, QEREITEBIT D dDOKKIE (duax) B EOFEEHE (day) & H
L7,

Foamed plastic board, FPB

Corrugated plastic board, CPB

j

Foamed rubber sheet, FRS

Fig. 6-2 Cushioning materials for controlling Ve and PAcc
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Table 6-2
Specifications of tested materials for controlling V¢ and PAcc

Material Made from... Density (kg m™)”
Foamed plastic board, FPB Polyvinyl chloride 5395+ 0.6”
Corrugated plastic board, CPB Polypropylene 909.1 £ 0.7~
Foamed rubber sheet, FRS Natural rubber 319.1 £ 6.4

“Each value was measured with a gas pycnometer (AccuPyc II 1340,
Micrometrics, USA)

Y Average + standard deviation (n = 10)

*Value of the material (polypropylene) in itself

Fig. 6-3 Cushioning material for controlling Ve and PAcc; corrugated plastic

board is laid between the second and third layers (CPB-2-3).
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6.4 EBEBERELVEE

6.4.1 EEIIFBOWHICES Ve BELU PAcc DA EDHLE
[ZXIiEd 5 dDHTE

Table 6-1 (2R L 7= Ve, PAce BX O d BT 55T — & Z H Wiz &\EBEIE DT %
fTolobZh, UFICRTERRANES T,

d = 0.0151Ve + 0.0000785PAcc — 0.0132 (r = 0.9848) X (6-2)

X (6-2) X, MWHBEAREAE LR TEY, Veb LT PAdccD W T D fE
MRELSBRDICHEN, b —FHOELRELS QLD EDPDLND, £, ZOoXD
BEMESBONICXVMIT LA, AEMEEZRT PEIX 3.68X1015 L JF
Wiz/hahhleen, XKG-DEHmNEEELZAL VDI DO LB T, 20O
SNTRERERE AT LT, R6-2)%, FEEBMEZERN—ALBEOM & L<IL1EH
DHEICEHE LZBICBT AR LD dOo#EIZA WL Z L L LT,

6.4.2 %%TE&HBJ:U%*L%?&EE 9 B ERAL A& B IC
BITB VeH UV PAdecc IZRIFIT EHE

BB 2 SBRICHEE LLCEICBIT S Vel LW PAce D % % 1L £ #L Table 6-
3k XU Table6-4C"7T, WTNDOEMAHEIZTEWTS Ve fEIZ, EEICRDITLE
KREL B ZERL, HEE5ETCHOLNALBRLE ~H L, £, BEMOMHEH
RV, Ve LW Plece DA G OE kA ICELSIE D Z & TE 7 (Fig. 6-
4), ZOMPIT,.LELEERL LLETIFRICBTLI2ER—LVHEZAAXO —F & RE
LieGe, REMZEEICEE TSI IZ LICLY, 82K LIFEITEDER
— LVHEORMMERE L EERL TS,

LB ST W I E R P NV R 2L 2 BRI, RO E B AR

ERNTEREEERETYEG, 72000 FEEHEL, EBET Plce P REL 2D
BEPHRESNTWVD 9, KEIZEBWTH, EEMOE WS XOZ O ESTO
HEWIZED, TEBREEEET PAce D R/IWNDFEET 2 &P 23 O V7o S, #E i 4
DEMICIVERENEERERPRAICELMLEZEZLICERLEbDEEZ BN
7=
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Table 6-3

Effects of each cushioning material and its position on the Ve (ms™) at each layer (Drop height: 0.1 m)

Cushioning Position of Layer

material  each material 1 2 3 4 5

No material
- 1.87 £ 0.03Y 1.95+0.03 2.07 £0.04 2.14+£0.02 2.46 £0.03

(Control)”

FPB 0-1 1.73 £0.03 2.07+0.03 2.08 +£0.03 2.30 £+ 0.05 2.51+0.08
1-2 1.87+ 0.05 1.93 + 0.04 2.18+£0.02 2.43 +£0.03 2.53+0.03
2-3 1.86 £0.06 1.90 £ 0.01 1.92 £0.03 2.43 +0.06 2.42 +0.02
3-4 1.94 £ 0.05 2.34+0.04 2.43+0.04 2.30+0.03 2.60 = 0.04
4-5 1.74 + 0.03 2.14 £0.02 2.38 £0.03 2.52+0.03 2.65+0.04

CPB 0-1 1.61 £ 0.06 2.12+0.02 2.32+0.03 2.34 +0.08 2.36 +0.09
1-2 2.06 +£0.01 1.69 £+ 0.03 2.21 £0.03 2.35+0.06 2.33 £0.05
2-3 1.83 £0.01 1.93 £0.04 2.10 £0.02 2.14 £ 0.05 2.21+0.03
3-4 2.16 +£0.03 2.08 = 0.04 2.09 +0.02 2.37+0.02 2.50+0.03
4-5 2.11+0.03 2.03+0.02 2.11+0.03 2.37+0.01 2.05+0.07

FRS 0-1 1.77 £0.03 2.00+0.02 2.16+0.01 2.30 £ 0.06 2.55+0.05
1-2 1.82 £0.03 1.82 +£0.03 2.00+0.02 2.35+0.04 2.40 £+ 0.05
2-3 2.10+0.05 1.98 £0.02 2.14+0.02 2.45+0.04 2.49+0.07
34 2.05+0.04 2.04+0.01 2.15+0.03 2.32+0.05 2.34+0.05
4-5 2.09 +0.05 2.04+0.02 2.16 £ 0.03 2.24+0.01 2.51+0.03

“Each value was obtained from the results given in chapter 5.
Y Average =+ standard error (SE; n = 5-6)

Table 6-4
Effects of each cushioning material and its position on the PAcc (m s7) at each layer (Drop height: 0.1 m)

Cushioning Position of Layer

material  each material 1 2 3 4 5

No material
- 442.0+ 14.5Y 2609+ 92 2209+205 201.5+ 85 177.7+ 9.8

(Control)”

FPB 0-1 4054+ 74 228.1+ 3.8 2057+123 2104+ 85 1945+ 6.5
1-2 564.9+£26.0 241.0+ 55 2224+ 59 209.5+ 3.5 1914+ 6.2
2-3 563.7+ 82 2331+ 2.5 2154+ 75 2119+ 34 205.0+ 3.3
34 521.6+£11.3 246.6+13.1 2684+ 7.4 231.2+£11.2  213.0+ 6.1
4-5 559.8+17.6 268.0+ 6.3 2648+ 7.1 2113+ 59 221.9+ 2.6

CPB 0-1 451.6+ 85 246.1+ 56 237.1+ 83 2313+ 83 199.8+ 6.7
1-2 502.8+13.6 236.6+ 5.6 2069+ 52 208.0+ 4.9 204.1+ 4.5
2-3 548.8+21.7 2072+ 6.4 193.1+ 4.8 199.0+ 3.7 1893+ 4.7
3-4 533.5+29.7 2144+ 58 2388+ 1.8 199.4+ 6.1 204.6+ 6.5
4-5 536.4+12.6 2122+ 59 2122+ 4.7 2362+ 49 180.6+ 7.6

FRS 0-1 419.2+10.2 2343+ 58 2323+ 1.4 2175+ 3.2 190.6+ 5.2
1-2 532.5+17.9 203.6+ 59 1929+ 3.6 1985+ 1.9 182.0+ 5.1
2-3 620.6 +30.1 292.1+ 85 2067+ 2.0 197.4+ 4.1 191.8+ 6.3
34 599.2+ 8.0 233.7+ 52 2694+ 2.6 2042+ 37 1749+ 6.9
4-5 597.7+20.7 2234+ 3.1 2452+ 7.5 219.8+ 7.7 2041+ 4.4

“YRefer to Table 6-3
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= A: No material (Control)

===B: FPB-0-1
200 - C: CPB-2-3
" N D: FRS-1-2

R
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0 " 'l " 'l " "
0.000 0.005 0.010 0.015 0.020

1(s)

Fig. 6-4 Shock pulses at fifth layer under following conditions:
No material (Control; A), FPB-0-1 (B), CPB-2-3 (C), and FRS-1-2 (D)
The data for ‘No material’ are taken from chapter 5.

The Ve values for A, B, C, and D are 2.46, 2.51,

2.21, and 2.40 m s'1, respectively.

6.4.3 [/ERIZEITS IDHETE

Table 6-3 & L UF Table 6-4 T/R L7=fi R 2 (6-2) CRAFTLHZLICLVE
bl HEEM ZEE LRSI 2% doHER R % Table 6-5 (27~ 77,

WTNOREMZEHLZSAICE N TS, 1BEE~4BERIZBIT S d DEIT
R LB L, RE< b0 L TFHIchT, ZOHEBIE, Plce T721F Ve b
LS<iE, Dl GoER, HBEEBELREND 2T LICED2bDEHTE S
iz,

—Fh. SREMEEE LSS, 2BEBIXO3IEBRABICEW TIEXRK & HK
L., VeE7olZ PAdce b LT, TN W FOEN/NEL R 5EMITH o7, Th
bR K EEBEL dIBAPT 200 TFHIESRTZ. 20D ENDG,
FPB ® ‘3-4° BX W ‘45" RLUAICEB W T, daviZBL S LR TE RN
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MXOENERIFIZRLID D EHE SN,

BB, WTNOFRMETICEBWTH dOHEMEICE bR IBEEREOR L, D
B AU FTOMETH o727, Table 6-5 3 L O Fig. 6-4 2B\ Tk, EHEH
ZICETLRREE LT,

Table 6-5

The d values at each layer estimated with V'c and PAcc values, and Equation (6-2)

Cushioning  Position of Layer Average  Maximum

material  each material 1 2 3 4 5 (d av) (d Max)
No material
- 0.05 0.04 0.04 0.03 0.04 0.04 0.05

(Control)*

FPB 0-1 0.04 0.04 0.03 0.04 0.04 0.04 0.04
1-2 0.06 0.03 0.04 0.04 0.04 0.04 0.06
2-3 0.06 0.03 0.03 0.04 0.04 0.04 0.06
3-4 0.06 0.04 0.04 0.04 0.04 0.05 0.06
4-5 0.06 0.04 0.04 0.04 0.04 0.05 0.06

CPB 0-1 0.05 0.04 0.04 0.04 0.04 0.04 0.05
1-2 0.06 0.03 0.04 0.04 0.04 0.04 0.06
2-3 0.06 0.03 0.03 0.03 0.04 0.04 0.06
3-4 0.06 0.04 0.04 0.04 0.04 0.04 0.06
4-5 0.06 0.03 0.04 0.04 0.03 0.04 0.06

FRS 0-1 0.05 0.04 0.04 0.04 0.04 0.04 0.05
1-2 0.06 0.03 0.03 0.04 0.04 0.04 0.06
2-3 0.07 0.04 0.04 0.04 0.04 0.04 0.07
3-4 0.06 0.04 0.04 0.04 0.04 0.04 0.06
4-5 0.07 0.04 0.04 0.04 0.04 0.04 0.07

“Each value was calculated with Equation (6-2). Therefore, not all values are the same as
those given in the chapter 5.
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A: No material (Control) B: FPB-0-1

0.06 0.06
005 b 0.05
0.04 | 0.04
= 0.03 = 0.03
002 b 0.02
0.01 | 0.01
0.00 0.00
1 2 3 4 5 1 2 3 4 5
Layer Layer
C: CPB-2-3 D: FRS-1-2
0.06 F- 0.06
0.05 - 0.05
0.04 F 0.04
= 003 b ~ 0.03
002 k- 0.02
0.01 F 0.01
0.00 0.00
1 2 3 4 5 1 2 3 4 5
Layer Layer

Fig. 6-5 Varying d from laying board- or sheet-like cushioning
materials at each layer

A: No material (Control), B: FPB-0-1, C: CPB-2-3, and D: FRS-1-2
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WIEE OWEFEPRESNL TV N D ZOREIE, RAMEOZLE 2 408E L.
SHEMEIIEC TRELZEI LEMELZERAD Vo IRITIEMT 22 L 2 8E
LT3 8, —F, KEORREIZ, FRICBWVWTHEIND dOHE %K % 12 E 1k
SELZLEHMELETOILOTHY, HWMELT NI OIRAMEICESIRED
BRI HFELHAEGLETHEMNTL2Z2LICEY, BOVRLERICHL TRRDHHE
MEATLOREZREBT S22 L2WRRICT 20D & Tx % (Fig. 6-6), #&1H
MR LRSS THL BIEICHESND dITBEEOEEZ L S H OO (Table
6-5). M OMEICELY, TOHEGBBE IR TEILDOLEEIND,
COBIBRRTED ., ARICBTOMAMRIT, R 5826 2 &EMEY
CEVHETOIWUEMERB T2 2WEELE L, TNOEZNRNITEwWET D
ZEEEBTLIELBIC, BOVRLEBRCILIAGEIET S22 WREET D
CDHERFTOERICEMT2b0 LHMmOT BN D,

Firmness — d
@ High — Small
@ Middle — Middle
‘ ﬁ Low — Large

Fig. 6-6 Concept of mixed packaging style for products having different
sensitivities to repetitive shock
Here, a corrugated plastic board is laid between the second and

third layers of boxes (CPB-2-3; case C in Fig. 6-5).
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